We demonstrate a temporal imaging system based on parametric mixing that allows simple triggering from an external clock by using a timelens-based pump laser. We integrate our temporal imaging system into a time-to-frequency measurement scheme and demonstrate the ability to perform characterization of temporal waveforms with 1.4-ps resolution and a 530-ps record length. We also integrate our system into a temporalmagnification scheme and demonstrate single-shot operation with a 113 × magnification factor, 1.5-ps resolution, and 220-ps record length.
Introduction
The demand for ultrafast-pulse characterization and waveform-generation techniques has driven research for high-bandwidth characterization systems. This has led to the development of temporal-imaging and dispersion-based techniques that exploit the space-time duality of electromagnetic fields [1] [2] [3] [4] [5] [6] . Techniques such as time stretching [7] [8] [9] , time magnification [10, 11] , frequency magnification [12] , time-to-frequency conversion [13, 14] , time-to-space conversion [15] [16] [17] [18] , pulse compression [5] , and ultrafast-waveform compression [19, 20] have been demonstrated. Recent implementations [6, 11, 12, 17, 19] based on a four-wave mixing (FWM) time-lens require synchronized pump and signal pulses. This is achieved by extracting the pump and the signal from the same source by spectral filtering. Conversely, using a separate mode-locked fiber laser would provide the necessary bandwidth for ultrafast temporal imaging, but would require repetition-rate locking using a feedback loop to achieve synchronous operation. Ultimately, either of these schemes is restricted by the types of signal that can be measured. Therefore, it is desirable to develop a system in which high bandwidth pump pulses can be produced on-demand via a simple external trigger [21, 22] .
In this paper, we propose and demonstrate a fully triggerable temporal-imaging system. We base our system on a time-lens-compressed picosecond pulse source. The output of the pulsed time-lens source is then spectrally broadened in non-zero dispersion-shifted fiber through self-phase modulation (SPM), which provides the pulses with sufficient bandwidth for ultrafast temporal imaging with high temporal resolution. We characterize the performance of our pulsed source by integrating it into a time-lens-based ultrafast optical oscilloscope (UFO), which uses time-to-space conversion, to demonstrate multi-shot timeaveraged wavepacket measurement. We also characterize our system in a temporalmagnification scheme to perform high-temporal-resolution single-shot measurements. We demonstrate the ability to characterize arbitrary waveforms with 1.4-ps resolution with 530-ps record length in multi-shot configuration and 1.5-ps resolution and 220-ps record length in single-shot configuration.
Theory
Temporal-imaging systems are based on the space-time duality. Similar to a spatial-lens that imparts a quadratic spatial phase across the beam, a time-lens imparts a temporal quadratic phase across a pulse [1] [2] [3] [4] [5] [6] . In previous demonstrations, the required quadratic phase for a time-lens was typically applied by an electro-optic phase modulator [13] . In parametric temporal imaging, nonlinear optical (NLO) processes replace electro-optic phase modulators as the source of phase modulation [4] [5] [6] . In a parametric time-lens, a pump pulse with a quadratic temporal phase is mixed with a signal pulse in either a χ (2) or χ (3) parametric process to impart a quadratic-phase shift on the converted pulse. Since a quadratic-phase shift is equivalent to a linear frequency chirp, sending a broadband pump pulse through a dispersive fiber link can impart the desired quadratic temporal phase on the signal. Additionally, in a time-lens, the analog to an aperture is the temporal duration of the pulse. Therefore, to ensure the pump pulse gives equal weight to all temporal components, a spectrally flat pump pulse is desired. Fig. 1 . Schematic of a FWM-based time-lens system. A signal sent through an optical fiber with the group-delay dispersion matching the focal length of the time-lens is mixed with a linearly chirped pump pulse in a FWM process. The converted output experiences a quadratic phase shift. In this case, the output would undergo time-magnification by a factor of D2/D1, where D1 and D2 are the group velocity dispersion (GVD) parameters for the fiber before and after the FWM interaction, respectively. FWM in silicon offers low pump-power requirements [23] and a large conversion bandwidth that is suitable for high data-rate applications [24] [25] [26] [27] . In addition, in FWM-based time-lens systems the signal and converted wavelengths can be close together, allowing them to be amplified, guided, and detected by similar equipment. Figure 1 shows a schematic of a FWM-based time-lens. However, recent time-lens systems [6, 11, 12, 17, 20] lack an adaptable pump source necessary for the measurement capability of signal inputs that are independently generated from the pump. Ideally, such a source would be fiber coupled, spectrally flat, and capable of producing high-bandwidth pulses on demand.
Experiment
In order to create a suitable, triggerable pump pulse, we use a time-lens-compressed picosecond-pulse source [21, 22, 28] . Unlike conventional ultrafast laser sources, the time-lens source derives its repetition rate from an input RF signal rather than an oscillator cavity. This makes the source ideal for synchronization, since the laser can be synchronized to a clock signal from any source as its input. Although this system cannot be driven at an arbitrarily low repetition rate, we can select a harmonic of the input clock between 5 and 10 GHz that will allow for optimal operation of the system while still providing a synchronized pump pulse for every signal pulse. At repetition rates above 10 GHz, electronic filtering can be used to generate a suitable drive signal from the input clock. We obtain the clock signal from a photodetector output of a test laser. The clock signal drives an amplitude modulator that carves out pulses from a tunable cw source resulting in a 33% duty cycle pulse train. We send this output through an EDFA and then filter out the background amplified spontaneous emission. We apply a quadratic phase across the pulses by using a 10-GHz electro-optic phase modulator, which is driven by a harmonic of the input clock. The pulses propagate through 1.6 km of SMF-28 fiber, which compresses the pulses to roughly 4.5 ps in duration. Figure 2 shows a diagram of the time-lens source. Fig. 2 . Schematic of the pump source. Pulses are generated using an arbitrary RF clock input, and then spectrally broadened through SPM in a low normal-dispersion fiber.
Achieving fine resolution and long record lengths in temporal imaging systems requires sufficiently high pump bandwidth. At the output of the time-lens source, the pulses have a bandwidth of 1 nm centered at 1546 nm. To increase the bandwidth, we add a spectral broadening stage to the pump source after the time-lens compression stage. After passing the pulses through another EDFA, we send them through 250 m of Corning® Vascade® LS + fiber. The pulses undergo SPM and see an increase in bandwidth from 1 nm to 100 nm. We filter a spectrally flat off-center section of the output roughly 10 nm in bandwidth at 1559 nm to serve as the pump pulse. After the broadening stage, we note a large amplitude noise at the output for high input intensities [27] . In order to maintain a suitable pump output, we limit the pulse energy at the input of the Corning® Vascade® LS + fiber to 2 nJ.
Results
As a proof-of-concept demonstration, we integrate this pulse source into a silicon-time-lens based UFO [13] [14] [15] [16] [17] . The goal of this demonstration is to show the viability of our temporalimaging system for use in a variety of time-lens-based applications. In this scheme, the silicon time-lens works as a Fourier transforming device, and temporal information is directly converted to the spectral domain. We can then view the temporal profile of the pulse on an optical spectrum analyzer (OSA) trace. We linearly chirp the pump pulse by sending it through a pair of fibers, a dispersion compensation fiber (DCF) and a length of Corning® Vascade® S1000 fiber, with a total of −50 ps/nm of group-delay dispersion. Taking advantage of their opposite dispersion slopes, we pair the fibers' lengths to achieve low third-order dispersion (TOD). We characterize a sub-picosecond signal pulse created by filtering 10 nm of spectrum from the output of a mode-locked fiber laser. Fig. 3 . A schematic of the UFO scheme. The signal undergoes half as much dispersion as the pump, which corresponds to the focal length of the time-lens. The pump and the signal mix on the silicon waveguide. An OSA displays the output spectrum of both inputs and the idler output, and the idler spectrum emerges as a scaled version of the signal input in time domain.
We pick off another portion of the fiber laser output and feed it into a photodiode. The output of the photodiode serves as the clock input to our pump laser. We send the fiber laser pulse through −25 ps/nm of dispersion, which corresponds to the focal length of the silicontime-lens. Again, we utilize a combination of DCF and Corning® Vascade® S1000 fiber to achieve low TOD. Figure 3 shows a detailed layout of the UFO. We combine the two pulses and overlap them in time, and couple the combined output into a silicon waveguide for FWM.
The waveguide is 300 nm by 700 nm and 1.5 cm in length, which is optimal for broadband FWM [24, 27] . Monitoring the output spectrum on an OSA, we vary the signal pulse delay to calibrate our system. We find a time-to-frequency conversion factor of 0.036 nm/ps, and an average temporal resolution of 1.4 ps over a record length of 530 ps. Figure 4 shows an OSA trace of the FWM output. The broadband pump and signal combine to generate a narrow band idler, which corresponds to an ultrafast signal pulse in the time domain. Figure 5 shows the measured UFO traces as the signal pulse timing is varied. From this measurement, we calculate a record length of 530 ps. Figure 5 (inset) shows the 1.4-ps impulse response of the system. Next, we investigate the single-shot operation performance of our temporal imaging system by integrating our setup into a temporal-magnification system [10, 11] . For this scheme, we launch the signal into a dispersive link with a total group-delay dispersion of 6100 ps/nm, which is comprised of 360 km of SMF28e fiber. Since this large dispersive length can be considered imaging in the Fraunhofer far-field, our converted signal's temporal profile takes on the shape of its spectral profile [30] . The output of the dispersive link is fed into a 12.5-GHz photodiode and viewed on a 5-GHz LeCroy oscilloscope. Figure 6 shows a layout of the temporal imaging system in a single-shot configuration. Fig. 6 . A schematic of the single-shot temporal-magnification system. The signal undergoes time-to-frequency conversion and is sent through a dispersive fiber link. Analogous to far-field diffraction, the temporal profile of the converted output takes on the spectral profile. This results in the magnification of the initial temporal profile of the signal. A 5-GHz LeCroy oscilloscope displays the photodiode output.
We characterize our system's single-shot performance by temporally resolving the output of a bandpass filtered mode-locked fiber laser, and by varying the delay on the signal showing 1.5-ps resolution over a record length of 220 ps. In addition, we calculate magnification factor to be 113 ×. Figure 7 shows a composite oscilloscope trace showing the timing of the signal pulse as it is varied over the entire record length. Figure 8 shows a blow-up of a single signal pulse demonstrating the temporal resolution of the system. Limited only by the signal repetition rate and magnification factor, the single-shot record length could easily be increased to the full 530 ps by frequency de-multiplexing the output into three channels [31] . In addition, we characterize the small time-scale jitter over 2 µs. The experimental configuration allows for high frame rates, which provides the ability to characterize consecutive waveforms [32] . We use this ability to analyze the timing of 77 consecutive pulses from the fiber laser utilizing the sync out for the fiber laser as a timing reference. We find that the root-mean-square (RMS) value of the timing jitter was 0.27 ps over 2-µs measurement period. The histogram in Fig. 8(b) shows the variation in pulse-to-pulse timing. The low RMS value of the jitter suggests that resolution could be further improved. Reducing phase aberrations from higher-order dispersion and the SPM broadening stage would likely yield the desired result. Finally, to demonstrate that the system is not limited to transform-limited waveforms, we characterize the intensity fringes between two interfering 40-ps laser pulses separated in wavelength but temporally overlapped. To create the pulses, we modulate two cw lasers that are not phase-locked and tune their wavelengths. As we increase the wavelength separation of the pulses, the temporal width of the interference fringes decreases. Figure 9 shows the fringe period decreasing with increasing separation. Furthermore, this measurement is inherently single-shot, since the phase relation between the two signal lasers is continuously changing. Single-shot measurements show pronounced fringes, while when averaged over multiple shots, the fringes wash out. Figure  9 (d) shows a multi-shot average of the pulse envelope where the fringe contrast disappeared. It is possible to take several successive waveforms and follow the procession of one laser's phase with respect to another, which Media 1 shows for two lasers separated by 0.5 nm and sampled at 40 MHz.
Conclusion
We demonstrated a completely triggerable temporal-imaging system. We characterized the system's performance in both multi-shot and single-shot time-lens-based schemes. We showed 1.4 ps resolution with 530 ps record length using time-to-frequency conversion. In a single-shot temporal magnification system, .we demonstrated a 1.5-ps resolution and a 220-ps record length. We also characterized the short-term timing jitter present between our pump and signal pulses and measured it to be 0.27 ps, which corresponds to 18% of the temporal resolution. Finally, we illustrate the ability to perform complex waveform measurements by resolving the interference fringes between two frequency-separated laser pulses.
